Transgenic maize (Zea mays) plants were generated with a construct harboring a maize caffeic acid O-methyltransferase (COMT) cDNA in the antisense (AS) orientation under the control of the maize Adh1 (alcohol dehydrogenase) promoter. Adh1-driven ␤-glucuronidase expression was localized in vascular tissues and lignifying sclerenchyma, indicating its suitability in transgenic experiments aimed at modifying lignin content and composition. One line of AS plants, COMT-AS, displayed a significant reduction in COMT activity (15%-30% residual activity) and barely detectable amounts of COMT protein as determined by western-blot analysis. In this line, transgenes were shown to be stably integrated in the genome and transmitted to the progeny. Biochemical analysis of COMT-AS showed: (a) a strong decrease in Klason lignin content at the flowering stage, (b) a decrease in syringyl units, (c) a lower p-coumaric acid content, and (d) the occurrence of unusual 5-OH guaiacyl units. These results are reminiscent of some characteristics already observed for the maize bm3 (brownmidrib3) mutant, as well as for COMT down-regulated dicots. However, as compared with bm3, COMT down-regulation in the COMT-AS line is less severe in that it is restricted to sclerenchyma cells. To our knowledge, this is the first time that an AS strategy has been applied to modify lignin biosynthesis in a grass species.
Lignins are complex phenolic polymers present in all vascular plants. They provide rigidity to conducting xylem elements and fiber cells. Lignins are composed of C 6 C 3 units, principally p-hydroxyphenyl (H), guaiacyl (G), and syringyl (S) units, and are present in various proportions according to botanical, physiological, and cytological criteria (Lewis and Yamamoto, 1990) . Throughout the plant kingdom, grass lignins appear to be particularly specialized because they contain not only H, G, and S units, but also additional p-hydroxycinnamic units such as p-coumaric and ferulic acids (Higuchi et al., 1967) . Ferulic acid may be ester linked to wall polysaccharides and/or ether linked to G units, thereby forming bridges between lignins and polysaccharides (Jacquet et al., 1995) , whereas p-coumaric acid is primarily ester linked to S lignin units in lignified walls (Ralph et al., 1994; Grabber et al., 1996) .
Lignification in dicotyledons has been extensively studied and most of the known lignin biosynthetic genes have been employed in genetic engineering experiments (for review, see Grima-Pettenati and Goffner, 1999) . There are almost no molecular data on lignification in grasses (Collazo et al., 1992; McAlister et al., 1998; Pichon et al., 1998; Selman-Housein et al., 1999; Spangenberg et al., 2001) . Although lignification in grass species is likely to share a high degree of similarity to other angiosperms, the aforementioned structural specificity of grass cell walls may also involve a certain degree of grass-specific regulatory mechanisms. An in-depth knowledge of lignification in Graminaeae is of utmost importance because lignins are one of the main limiting factors affecting forage digestibility in ruminants (Jung and Deetz, 1993) . Although it is clear-cut that lignin content negatively affects the enzymatic degradability of cell wall polysaccharides, the impact of lignin structure on this important parameter is poorly understood. It is difficult to establish a clear relationship between digestibility and wall composition such as S to G ratio or p-coumaric and ferulic acid content.
Four naturally occurring mutant lines of maize (Zea mays), bm1, bm2, bm3, and bm4, exhibit a reduced lignin content, a modified S to G ratio, and increased digestibility (for review, see Barriere and Argillier, 1993) . These mutants are called bm (brown-midrib) mutants because they exhibit a characteristic reddishbrown pigmentation of lignified tissues. There has been long-standing incentive to used bm mutations in breeding programs, but bm genotypes are frequently associated with a lower field standability (Cherney et al., 1991) . Genes corresponding to both bm1 and bm3 mutations have been identified. The bm1 mutation affected the cinnamyl alcohol dehydrogenase gene (Halpin et al., 1998) , whereas bm3 maize is altered in the COMT gene (Vignols et al., 1995; Morrow et al., 1997) . In the past, bm mutants have been useful to study lignin biosynthesis and its impact on cell wall digestibility. Nowadays, genetically engineered maize with altered gene expression provides an alternative means to study the impact of lignin content, structure, and distribution on forage digestibility. Until recently, techniques to disrupt gene expression in maize were not routinely available. However, recent progress on maize transformation has allowed us to envisage down-regulation of cell wall genes (Komari et al., 1998; Frame et al., 2002) .
With the objectives of using genetic engineering to improve lignin profiles in maize, we generated transgenic maize lines with reduced COMT expression using RNA antisense (AS) technology. This gene has been extensively studied and AS strategies have been successful in different dicot species: tobacco (Nicotiana tabacum; Dwivedi et al., 1994; Atanassova et al., 1995) , poplar (Populus tremula ϫ P. alba; Van Doorsselaere et al., 1995; Lapierre et al., 1999; Jouanin et al., 2000) , aspen (Populus tremuloides Michx; Tsai et al., 1998) , and alfalfa (Medicago sativa; Guo et al., 2001a) . In maize, the cDNA encoding caffeate O-methyltransferase was originally isolated from a root cDNA library (Collazo et al., 1992) . The corresponding enzyme appears to be encoded by a single gene. In situ hybridization and COMT promoter analysis revealed that COMT was expressed in the vascular system of roots and leaves of young plantlets (Capellades et al., 1996) .
In this study, a transgenic approach was applied to down-regulate COMT gene expression in maize. One line with severely reduced COMT gene expression exhibited dramatically altered lignin content and composition in addition to improved digestibility. Because the biochemical alterations caused by transgenesis were less pronounced than for the bm3 mutant, these results illustrate that genetic engineering is a promising approach to improve maize performance.
RESULTS

Cell Specificity of the Maize Adh1 (Alcohol Dehydrogenase 1) Promoter
Stable expression of the maize Adh1 promoter fused to the ␤-glucuronidase (GUS) reporter gene has been mainly studied in transgenic rice (Oryza sativa; Kyozuka et al., 1991 Kyozuka et al., , 1994 . Although Fromm et al. (1990) reported the regeneration of maize plantlets containing the GUS reporter gene under the control of the full-length maize Adh1 promoter, precise expression patterns were not described. To examine if this promoter could be suitable to down-regulate COMT in lignifying tissues of maize, we first generated a series of independent transformants by microparticle bombardment using the pBAR-GUS plasmids described in Figure 1A (Fromm et al., 1990) . Four independent R 1 progeny exhibited detectable levels of GUS activity in 20-to 30-d-old plants. In all transformants, GUS expression was specifically associated with the vascular system in roots, leaves, and internodes (Fig. 2) . In roots, GUS staining was restricted to the protoxylem cells of the stele (Fig. 2C) . Cross sections of the basal part of the stalk enabled us to examine GUS expression in nodes, internodes, and rolled leaves. In the nodal region, GUS staining was intense in vascular bundles, mainly in cells surrounding the protoxylem and protophloem (Fig. 2, A and B) . In the first leaves surrounding the internodes, vascular strands were at the early stage of differentiation and GUS activity was detected in differentiating sclerenchyma fibers and cells surrounding the protoxylem (Fig. 2D) . In mature leaves, GUS activity was observed in both small and large vascular strands (Fig.  2 , E-G). However, in the latter case, staining was restricted to phloem and companion cells. The vascular tissue-specific expression of the maize Adh1 promoter indicated that it was suitable to drive COMT transgene expression in lignifying tissues.
Generation and Characterization of a Significantly Down-Regulated COMT Line in Maize
An 850-bp fragment of the maize COMT cDNA (Collazo et al., 1992) was placed under the control of the maize Adh1 promoter (Fig. 1B) . This construct was co-introduced into maize by particle acceleration with a plasmid containing the pat gene (Fig.  1C) . Twenty independent R 2 transformants were obtained and screened for COMT activity using caffeic acid as substrate (Fig. 3) . COMT activity was measured in young, rolled leaves and piled-up internodes of 20-d-old transformants (4-5-leaf stage) and compared with the mean activity calculated for a population of 12 untransformed plants. Among the 20 transformants, one COMT-AS line (225) exhibited 30% residual activity. COMT downregulation was even more pronounced in internodes at the flowering stage (100 d after sowing) with a residual activity of only 15% (data not shown). This reduction was genetically stable because it was also 
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observed in lines resulting from an independent backcross of the R 1 progeny. The bm3 mutant exhibited even lower residual COMT activity than in the COMT-AS line grown under the same conditions (Fig. 3) . No overall differences in growth and development (growth rate, height at flowering, and internode length) of the COMT-AS line were observed relative to the control.
Because it has been shown recently in other species that the preferred substrate of COMT was 5-OH coniferaldehyde and 5-OH coniferyl alcohol (Chen et al., 1999 (Chen et al., , 2001 Osakabe et al., 1999; Inoue et al., 2000; Li et al., 2000; Parvathi et al., 2001 ), we tested COMT activity vis-à -vis these substrates in the COMT-AS line. A strong decrease in activity was also observed for both substrates as compared with control plants, indicating that both 5-OH coniferaldehyde and 5-OH coniferyl alcohol are also substrates for the down-regulated COMT enzyme in maize (data not shown).
To correlate COMT protein content with results obtained for enzyme activity, western blots using maize anti-COMT antibodies were performed on rolled leaf tissue of 20-d-old plants ( Fig. 4A ) and internodes at the flowering stage (Fig. 4B ). The COMT protein content in the COMT-AS line was significantly lower at both stages of development as compared with controls. In the bm3 mutant, COMT protein is undetectable. Thus, the reduction in COMT protein content at both developmental stages is in good agreement with enzyme activity data.
To determine transgene copy number in the COMT-AS line, Southern blots were performed (Fig. 5) . Results indicated that two to three copies of the AS COMT construct were integrated into the COMT-AS line. These copies were inserted at one locus as determined by the segregation of Basta resistance. The same transgene integration pattern was observed in progeny from two independent backcrosses, indicating that the transgenes were stably integrated into the plant genome and transmitted to the progeny (data not shown).
Down-Regulation of COMT Alters Lignin Profiles and p-Hydroxycinnamic Ester Content in Maize
The consequences of COMT down-regulation on lignification were evaluated using different chemical methods. Lignin content of internodes, leaves, and whole plants was determined by the Klason procedure on R 2 progeny of two independent backcrosses of R 1 transformants and the bm3 mutant (Table I) . Lignin content was 25% to 30% lower in the two AS COMT progenies and the bm3 mutant as compared with controls. Lignin structure was investigated by thioacidolysis, which is an analytical degradation method that proceeds by cleavage of labile ␤-O-4 bonds (Lapierre et al., 1986;  Table II ). The total amount and relative frequency of the H, G, S, and 5-OH-G monomers cleaved by thioacidolysis provides an estimate of the amount and composition of these units that are uniquely ␤-O-4 linked. Both the COMT-AS line and the bm3 mutant exhibited lower thioacidolysis yields (Table II) as compared with controls. Because these data are expressed as a percentage of Klason lignin content, it may be deduced that down-regulating COMT increased the relative amounts of resistant interunit bonds in lignins.
The most striking difference between COMT-AS and control lines is the 2-fold decrease in S units. The reduction of S units in the COMT-AS line is intermediary between the bm3 mutant and controls. Concomitant with a decrease in S units, we also observed a significant increase in 5-OH-G units, which is a well-characterized effect of COMT downregulation in various mutant and transgenic dicot species. Interestingly, the severe decrease in S units was compensated by an increase in G units. Although lignins in leaves exhibited greater amounts of G units and resistant interunit bonds as indicated by low thioacidolysis yield, the data obtained in leaves were similar to the data for internodes. In agreement with our current knowledge of the temporal variation of the types of lignin subunits, the amount of G units decreased with plant age (internodes 5 ϩ 6 versus 1 ϩ 2). In both lines, H units were detected in trace amounts, but their relative frequency was also slightly reduced as a result of COMT down-regulation.
Because grasses are known to contain sizable amounts of wall-bound p-coumaric and ferulic acids, a mild alkaline hydrolysis was performed to Table II 
. Relative frequency and total yield of lignin-derived monomers recovered from the thioacydolyis of the COMT-AS line, bm3 mutant, and control line at the flowering stage
Internodes (I) were annotated 1 to 6 from the bottom to the top. H, p-Hydroxyphenyl; G, guaiacyl; S, syringyl; 5-OH-G, 5-hydroxyguaiacyl. 225a and 225b are R 2 progeny from two independent backcrosses of R 1 transformants. Each measurement represents the mean of two assays with individual values varying by Ͻ3.5% from the mean. The values reported for the whole plants were obtained from a second set of plant culture. Internodes (I) were annotated 1 to 6 from the bottom to the top and pooled two by two for analysis. 225a and 225b are R 2 progeny from two independent backcrosses of R 1 transformants. The data are expressed as weight percentage of the extract-free sample. They represent the mean of two independent assays with individual values varying from the mean by Ͻ1.5%. The values reported for the whole plants were obtained from a second set of plants. evaluate the impact of COMT down-regulation on these components (Table III) . A 30% decrease in esterified p-coumaric acid content was observed in the COMT-AS line. Because p-coumaric acid is primarily esterified to S residues (Grabber et al., 1996) , this reduction may be an indirect effect of the reduced amount of S units in the COMT-AS line. On the contrary, the COMT-AS line exhibited an increase in ferulic acid content. Together, the structural features observed in the COMT-AS line are reminiscent of those previously reported for the bm3 mutant, but to a lesser extent.
COMT Down-Regulation Causes a brown-midrib Phenotype and Altered Histochemical Staining
Starting at the 5-to 6-leaf stage, the COMT-AS line displayed a reddish-brown coloration of the leaf midrib, similar to that one observed in the bm3 mutant (Fig. 6A) . This coloration was also observed in internodes at the flowering stage (Fig. 6, B-D) . A more detailed microscopic analysis indicated that this coloration was mainly associated with sclerenchyma cells adjacent to the epidermis and surrounding the vascular bundles (Fig. 6, E-G) . In the COMT-AS line, the coloration varied from yellow to brown depending on the bundle, whereas in the bm3 mutant, the coloration is clearly brown (Fig. 6, F and G, respectively) .
Internodes were then stained with Wiesner reagent, which specifically reacts with cinnamaldehyde side chains in lignins. No significant differences were observed for either the COMT-AS line or the bm3 as compared with controls (Fig. 6, H-J) . The Maü le reagent, which enables the distinction between S and G units, revealed striking differences between the COMT-AS line, bm3, and controls (Fig. 6, K-M) . In the control, all lignified tissues including xylem, sclerenchyma, and lignified parenchyma between vascular bundles exhibited a red coloration that is diagnostic of S units. In the COMT-AS line, lignified parenchyma cells stained red, similar to controls. However, the sclerenchyma cells surrounding vascular bundles displayed an overall orangey appearance. This alteration in Maü le staining indicated a sclerenchyma-specific reduction of S units in the COMT-AS line. However, in the bm3, both sclerenchyma and parenchyma between bundles displayed a dark-brown coloration, indicating the absence of S units in both of these cell types.
Despite changes in lignin content and composition, the overall histological organization of xylem elements and sclerenchyma fiber cells was unaltered in the COMT-AS line and bm3 internodes.
Down-Regulation of COMT Is Beneficial for Digestibility in Maize
To evaluate the effect of COMT down-regulation on forage digestibility, the COMT-AS line was further evaluated for neutral detergent fiber (NDF) content, which provides a measure of the total cell wall content and for in vitro NDF digestibility (IVNDFD). The COMT-AS line was more digestible than controls as indicated by its higher IVNDFD value (84% versus 77%, respectively). In this study, the COMT-AS line displayed a similar increase in IVNDFD values to those reported for the bm3 mutant (Mechin et al., 2000) .
DISCUSSION
With the aim of modifying lignification via genetic manipulation of lignin biosynthetic enzymes, it is of great interest to target transgenes in a tissue-specific manner. In angiosperms, most of the AS strategies to modify lignin profiles have employed strong, constitutive promoters such as CaMV 35S. In some cases, tissue-specific promoters of lignification genes such as cinnamate 4-hydroxylase (Meyer et al., 1998) and Phe ammonia-lyase (Guo et al., 2001a) also have been used successfully to drive transgene expression. In cereals, much less information concerning promoter activity is available. Transgenic experiments have been mainly performed using maize ubiquitin (Christensen and Quail, 1996) , rice actin (McElroy et al., 1991) , maize alcohol dehydrogenase 1 (Fromm et al., 1990) , and, more recently, maize streak geminivirus (Mazithulela et al., 2000) promoters. In maize, the efficiency of these promoters has only been reported in transient expression assays and their in-depth expression patterns have never been described. For the first time, to our knowledge, we have provided a detailed description of stable Adh1 promoter expres- sion in maize. The fact that the maize Adh1 promoter was highly active in both lignifying vascular tissue and sclerenchyma cells demonstrates its suitability for targeting AS COMT transgene expression to modify lignin synthesis. That said, among the 20 transformants containing the pAdh1-ASOMT construct, only one line exhibited significantly reduced COMT expression. This may be because of multiple-copy transgene insertion often observed when using biolistic transformation methods (Register et al., 1994) . Multiple copies are generally inserted at one locus, increasing the probability of recombination events that subsequently lead to the insertion of inactivated partial constructs. Alternatively, the introduction of homologous promoter sequences (in this case, maize Adh1) could lead to methylation of chromatin in the region where the transgene is inserted, and, thus, cause transgene extinction (Iyer et al., 2000) . In the future, it will be important to identify and characterize suitable promoters to drive transgene expression for specific purposes in grass species. The complete sequencing of the rice genome will undoubtedly provide an excellent source of new promoters to complete this gap.
Several studies have been reported on the effects of down-regulation of COMT activity on lignin content and composition in dicotyledonous plants (Dwivedi et al., 1994; Ni et al., 1994 ; Atanassova et al., 1995; 
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Van Doorsselaere et al., 1995; Tsai et al., 1998; Lapierre et al., 1999; Jouanin et al., 2000; Guo et al., 2001a) . In dicots, transgenic plants with 10% to 50% residual COMT activity exhibited similar modifications in lignin structure: a decrease in S unit content and incorporation of 5-OH-G units. A reduction in lignin content has also been observed, but only in a limited number of cases in which COMT activity was close to zero (Jouanin et al., 2000; Guo et al., 2001a) . In grass species, transgenic approaches have thus far not been used to down-regulate expression of lignification genes. In this study, an 85% reduction in COMT activity at the flowering stage was sufficient to cause a decrease in lignin content.
As is the case in dicots, the down-regulation of COMT in maize also caused a marked decrease in S unit content. Although the involvement of COMT in S unit synthesis has been known for some time, it is only recently that this enzyme could be accurately situated in the lignin biosynthetic pathway. In elegant biochemical studies of recombinant COMT protein (Humphreys et al., 1999; Li et al., 2000) , it was shown that the preferred substrate of COMT in dicot angiosperms is not caffeic acid as expected, but rather 5-hydroxyconiferyl aldehyde and 5-hydroxyconiferyl alcohol, indicating that S unit synthesis occurs at the aldehyde and alcohol level and not at the acid level as previously predicted. Evidence provided here also indicates that COMT from maize is also capable of methylating 5-hydroxyconiferyl aldehyde and 5-hydroxyconiferyl alcohol because reduced activity in the COMT-AS line was also observed with these substrates. These findings further support data recently reported by Chen et al. (2001) showing that there is no significant differences in substrate specificity between O-methyltransferases from tall fescue (Festuca arundinacea), a grass, and alfalfa, a dicot. Together, these data suggest strong similarities between S unit synthesis in grasses and dicots. The production of recombinant COMT from maize should allow us to precisely determine its substrate specificity.
To further examine the changes in lignin content and structure in the COMT-AS line, histochemical analyses were performed. In maize internodes, it is known that despite the obvious anatomical differences between lignified sclerenchyma and parenchyma cells (i.e. wall thickness), there is little difference in their overall phenolic content and composition (Chesson et al., 1997; Joseleau and Ruel, 1997) . Here, by using the Adh1 promoter, we directed the down-regulation of COMT specifically in sclerenchyma cells as revealed by Maü le staining. On the contrary, transposon-induced disruption of COMT in the bm3 mutant led to the absence of S units in both cell types. The fact that the reduction of COMT activity was restricted to sclerenchyma, whereas the bm3 mutant was affected in all lignifying tissues, most likely explains why the reduction of S unit content observed in the COMT-AS line was less severe than in the bm3 mutant.
Although the involvement of COMT in methylating S unit precursors of lignins has been clearly established, the methylating enzyme(s) leading to ferulic acid synthesis remains unclear. If ferulic acid were the direct end product of COMT-mediated methylation of caffeic acid, one would have expected that COMT down-regulation would result in a decrease in ferulic acid content. Surprisingly, we have shown here that down-regulation of COMT had little to no effect on ferulic acid content. The ferulic acid content was even slightly higher in the COMT-AS line and the bm3 mutant as compared with the control. Thus, the question remains as to know how ferulic acid is synthesized in maize. Several hypotheses may be suggested. First, a genetically distinct COMT, with no sequence similarity to the COMT studied here, could be responsible for ferulic acid synthesis. This hypothesis is conceivable if multiple COMT genes existed in the maize genome. Several genes encoding COMT have been characterized in alfalfa (Gowri et al., 1991) and tobacco (Pellegrini et al., 1993) . In wheat (Triticum aestivum), it has been suggested that an "early" COMT may be involved in the synthesis of ferulic acid for esterification of cell wall arabinoxylans, whereas a "late" COMT may be involved in the synthesis of ferulic and sinapic acids for lignin biosynthesis (Lam et al., 1996) . To date, only one gene encoding COMT has been described in maize, but large-scale expressed sequence tag databases are now becoming available (Gai et al., 2000) and will allow for an exhaustive search of COMT genes in maize. Second, it is conceivable that ferulic acid originates from the hydrolysis of feruloyl-CoA via a putative feruloyl esterase (Sancho et al., 1999) . One argument in favor of this hypothesis is that tobacco downregulated for cinnamoyl-CoA reductase, which uses feruloyl-CoA as a substrate, exhibited higher amounts of wall-bound hydroxycinnamic acids (Piquemal et al., 1998) . This would imply that caffeoyl-CoA 3-O-methyltransferase, which is an essential enzyme in feruloyl-CoA synthesis, is also involved, albeit indirectly, in ferulic acid synthesis. Third, the fact that the amount of ferulic acid is unchanged in the COMT-AS line may also be a consequence of the lower lignin content, which in turn facilitates ferulic acid release by mild alkaline hydrolysis (Grabber et al., 1998) .
Beyond understanding phenylpropanoid metabolism in grasses, transgenesis is a powerful tool to create genetic variability and study the effect of cell wall modifications on forage digestibility. To date, conflicting results have been reported concerning the digestibility of transgenic plants and mutants downregulated for COMT gene expression. COMT downregulated tobacco with a decrease in S to G ratio and no change in lignin content exhibited improved digestibility (Bernard-Vailhé et al., 1996; Sewalt et al., 1997) . Similarly, the down-regulation of COMT in transgenic alfalfa (Guo et al., 2001b ) and a tropical pasture legume, Stylosanthes humilis (Rae et al., 2001 ) also led to improved digestibility. In contrast, the total absence of S units in the Arabidopsis ferulate 5-hydroxylase mutant did not alter cell wall digestibility (Jung et al., 1999) . In maize, a decrease in COMT activity, either by an AS strategy or in the bm3 mutant, led to improved digestibility. It is well established that one of the major mechanisms limiting forage cell wall degradation is the lack of physical access of wall polysaccharides to hydrolytic enzymes because of steric hindrance (Jung and Deetz, 1993) . It is likely that the down-regulation of COMT alters the overall cell wall organization via modified ligninpolysaccharide interactions in a way that walls are more readily accessible to bacterial enzymes. Beyond digestibility, other agronomically important traits of the COMT-AS line are currently being evaluated to determine if these plants characterized by intermediary COMT down-regulation may be better adapted than bm3 under field conditions.
MATERIALS AND METHODS
Generation of AS Vectors
The pBAR-GUS (Fig. 1A) plasmid contains the Adh1 promoter region and the first intron fused to the gusA reporter gene. For the pAdh1-ASOMT construct (Fig. 1B) , the pMC1 vector containing the maize (Zea mays) COMT cDNA (Collazo et al., 1992 ) was used to PCR amplify an 850-bp COMT fragment using two synthetic oligonucleotides: 5Ј-CTGCTGGAGG-TGCTGCAGAAG-3Ј (plus strand) and 5ЈCTCCTTGCCCCCGGGGT-TGTG-3Ј (minus strand) containing PstI and SmaI restriction sites (underlined). The PCR product was subcloned into the pGEMT vector and the clone was excised using PstI-SmaI. The insert was then cloned in the AS orientation upstream of the terminator of the nopaline synthase gene in the PstI-SmaI site in the pNOS vector to generate the pASOMT-NOS vector. A 1.75-kb EcoRI/PvuII fragment spanning the AdhI1 promoter and the first Adh1 intron isolated from the pBAR-GUS vector was cloned upstream from the ASOMT sequence in an EcoRI/SmaI site of the pASOMT-NOS vector resulting in pAdh1-ASOMT (I. Nadaud, unpublished data). The pBAR construct (Fig. 1C) contains a CaMV 35S promoter-pat gene fusion.
Maize Transformation
Transformation experiments were performed either with pBAR-GUS alone for GUS histochemical assays or pAdh1-ASOMT and pBAR together for AS experiments. Maize callus (B73 ϫ A188 derivates) were bombarded with a particle delivery system similar to the one described by Finer et al. (1992) . Four hours before bombardment, calli were transferred to modified N 6 (Chu, 1978; Amstrong and Green, 1985) medium containing 0.2 m mannitol and 0.2 m sorbitol for osmotic treatment. Supercoiled plasmid DNA were precipitated on tungsten microprojectiles. For plasmid coprecipitation, equal amounts of each plasmid DNA (2.5 g) were used. The bombarded tissues were incubated on osmotic medium for an additional 16 h at 27°C in the dark and then transferred to selective medium containing 5 mg L
Ϫ1
Basta. Stable transformants were selected by transferring calli and, subsequently, plantlets to selective medium. Primary transformants were transferred to the greenhouse, tested with Basta in a paint assay, and backcrossed. R 2 progeny were selected for single locus integration on Basta. Southern-blot analysis of Basta-resistant transformants confirmed the presence of both the phosphinotricin acetyltransferase and AS COMT portions of the construct (data not shown).
Analysis of gusA Expression
Histological GUS assays were performed according to Jefferson et al. (1987) using a solution containing 1 mm 5-bromo-4-chloro-3-indolyl-␤-glucuronic acid and 100 mm sodium phosphate buffer (pH 7.0). Leaves and internodes from 20-and 30-d-old-plants were cut into thin sections with a razor blade. Plant material was fixed in 0.5% (w/v) paraformaldehyde and 100 mm potassium phosphate buffer (pH 7.0) under vacuum and incubated in staining solution for 4 to 12 h at 37°C. After staining, sections were conserved in 70% (v/v) ethanol.
COMT Activity Assays
All transformants and untransformed controls were analyzed for COMT activity using caffeic acid as described by Atanassova et al. (1995) . Rolled leaves and young internodes from 20-d-old transformants and controls grown under greenhouse conditions were harvested. Samples were ground in liquid nitrogen and extracted in 100 mm sodium phosphate buffer (pH 7.5) containing 5% (w/v) polyvinylpolypyrrolidone and 10 mm dithiothreitol. After centrifugation, 40 L of protein extract was added to 1 mL of phosphate sodium buffer containing 3 mm caffeic acid, 10 mm dithiothreitol, 0.6 mm tritiated S-adenosyl-l-Met (13 Ci mol Ϫ1 , Amersham, Buckinghamshire, UK), and 50 m unlabeled S-adenosyl-l-Met and incubated for 1 h at 37°C. COMT assays were also performed using 5-OH coniferylaldehyde (30 m) or 5-OH coniferyl alcohol (30 m) as substrates. The reaction was stopped with 100 L of 9 n H 2 SO 4 . Radiolabeled ferulic acid was extracted in 5 mL of scintillation solution (OCS, Amersham), and the radioactivity was counted in a 1900TR scintillation counter (Hewlett-Packard, Palo Alto, CA). The protein content was determined according to Bradford (1976) using the Bio-Rad reagent (Bio-Rad Laboratories, Hercules, CA).
Southern-and Northern-Blot Analysis
For Southern blots, DNA was isolated from young leaves according to Dellaporta et al. (1983) . Ten micrograms of genomic DNA was digested with restriction enzymes, run on agarose gel, and transferred to Hybond N ϩ membranes (Amersham) using the alkaline blotting procedure according to manufacturer's recommendations. For northern blots, RNA was prepared from rolled leaves, roots, and collar with Extract-all (Laboratories Eurobio, Les Ulis, France). Ten micrograms of total RNA was run on agarose gels containing formaldehyde and transferred to Hybond N ϩ membranes according to standard protocols (Sambrook et al., 1989) . All blots were hybridized with radiolabeled COMT cDNA overnight in 3ϫ SSC, 0.5% (w/v) SDS, and 0.1% (w/v) skimmed milk powder at 65°C. Filters were washed consecutively in 3ϫ SSC/0.5% (w/v) SDS, 0.3ϫ SSC/0.5% (w/v) SDS, and 0.1ϫ SSC/0.5% (w/v) SDS at 65°C for 15 min each.
Western-Blot Analysis
Ten micrograms of protein (the same extracts used for COMT activity assays) were run on 10% (w/v) SDS-PAGE gels. Proteins were electroblotted onto nitrocellulose membranes (Amersham). Membranes were blocked in Tris-buffered saline (pH 8), Tween 20 0.1% (v/v) (TTBS) (pH 8) containing 30 mg mL Ϫ1 of polyvinylpolypyrrolidone, overnight at 4°C. Membranes were incubated in maize polyclonal anti-COMT serum (dilution 1/1,000 [v/v] ) for 1h. After three washes with TTBS (pH 8, 10 min each), membranes were incubated with an alkaline phosphatase-conjugated goat anti-rabbit antibody. Alkaline phosphatase detection was performed with nitroblue tetrazolium and 5-bromo-4-chloro indoxyl phosphate according to the manufacturer's recommendations (Bio-Rad).
Histochemical Staining of Lignins
Leaf and stem sections were hand-cut with a razor blade from 100-d-old plants grown in the greenhouse. Wiesner and Maü le reactions were performed according to standard protocols (Nakano and Meshitsuka, 1992) . Sections were observed using an inverted microscope (Leitz DMRIBE, Leica Microsystems, Wetzlar, Germany). Images were registered using a CCD camera (Color Coolview, Photonic Science, Milham, UK) and treated by image analysis (Image PRO-Plus, Media Cybernetics, Silver Spring, MD).
